I. INTRODUCTION
.h recent PLIF imaging experiments on flows from the ring crevice of an internal combustion engine, Bob Green found what appears to be a wall jet emerging from the crevice during the blowdown following exhaust valve opening near bottom dead center [l] . However, the jet does not stay attached to the cylinder wall, but the vortex ring at the jet tip detaches from.the wall and moves inward radially. Shaheen Tonse has performed some preliminary simulations of this jet using the KIVA-3 fluid dynamics program and finds the same qualitative behavior [2] . This result raised the question of the mechanism .that causes the jet to separate from the wall. The purpose of this report is to describe the mechanism for this separation.
The wall jet is one of the classic flow systems in fluid mechanics, and this separation is in fact .
well known in other contexts. A similar example is discussed by Bajura and Catalan0 [4] . Another example is the boundary layer on the wall of a shock tube used to study a Richtmyer:Meshkov instability [5] . We note that the interface between the two fluids in that problem is analogous to the contact surface between the inflo'wing and ambient media in the ring crevice problem. To clearly illustrate this separation phenomenon, we performed two numerical simulations of a wall jet under conditions similar to those found near the ring crevice of an internal combustion engine during blowdown after .
exhaust valve opening. One case uses a free-slip boundary condition,on the cylinder wall, and the .
other uses a no-slip condition. These calculations are sufficient to demonstrate the fundamental physical processes at work. Ouk approach to demonstrating the mechanism of the wall jet separation is to simplify the problem so there are no irrelevant factors clouding the analysis. These factors include piston .
motion, chemistry, wall heat transfer, and residual turbulence or other gas motions in the bulk gas. Our calculations show that the separation is a purely fluid dynamical phenomenon associated with the boundary layer on the cylinder wall and vorticity generation on the corner of the piston.
Naturally, these other phenomena may modify the details of the wall jet, but the basic phenomenon is a robust feature of boundary layer flows. Section I1 describes the experiment. Section I11 presents the governing equations and describes the gas physics. Section IV describes the geometry of the experimental apparatus and the problem setup. Section V describes two numerical solutions, one using a free-slip wall and the other using a no-slip wall. Conclusions are presented in Section VI.
..
THE EXPERIMENT
Using a single-cylinder research engine' allowing optical access to the cylinder, we produced planar laser-induced fluorescence (PLIF') images of acetone dopant in the unburned fuel exiting the upper ring land crevice. The experimental arrangement is shown in Fig. 1 . We obtained a sequence of images late in the power stroke and early in the exhaust stroke which revealed the existence of a jet-like structure exiting the crevice. Two typical'images are shown in Fig. 2 . The part of the combustion chamber shown in the figure is approximately 2 cm wide. The end-gap of the rings was pinned at a location diametrically opposed to the region being imaged, so the phenomena observed could not be attributed to flow through this gap. What we expected to see . .
was a thin layer of unburned mixture laid down along the cylinder wall during the power stroke, which was then scraped up by the piston during the exhaust stroke and entrained in the corner .
roll-up vortex. But what we see instead is a jet emerging from the crevice just after bottom dead center. At late times, the tip of the jet develops an asymetric vortex pair that recedes from the wall. This behavior is typical of wall jets, as we discuss in the following sections. The tip velocity is approximately 600 cm/s as determined from a crude measurement of the tip positions in the two -panels. an approximate treatment of the full Stefan-Maxwell equations.
GOVERNING EQUATIONS
.
The momentum equation is
where P is the pressure, and @'a is the body force per unit mass acting on species a, which in most applications is the gravitational acceleration ij. The viscous stress tensor is .
where p is the coefficient of viscosity, p1 is the second coefficient of viscosity, and U is the unit tensor.
We choose the thermal internal energy equation to express energy conservation:
where I is the specific thermal internal energy, and Ha is the heat of formation of species a.. Note that for pa = 3, the next-to-the-last term vanishes. The heat flux ifis approximated by the sum 
IV. PROBLEM DESCRIPTION
The geometry of the calculation is shown in Fig. 3 . with different boundary conditions on the left: one uses a freeslip boundary, and the.other uses a no-slip boundary.
Our inflow boundary condition is the type (ii) with specified density of Rudy and Strikwerda [14] . In addition, we impose a restriction against inflow along any outflow boundary for reasons discussed in an earlieweport [15] , although this restriction was not needed in these calculations.
Both problems were run for 2000 cycles, which is enough time for the wall jet to move nearly the length of the mesh. We found that in spite of the fine zoning, it was necessary to use the subgrid-scale turbulence model to prevent the appearance of too much energy at the grid scale.
This observation is consistent with the jet Reynolds number of 2.1 x lo4, which would require at least another order magnitude improvement in resolution before reaching the smallest scales of turbulence. That is, a direct numerical simulation (DNS) would require well over lo3 zones in each of three dimensions. The present runs were made using the standard COYOTE subgrid-scale (SGS) turbulence transport model [16] , and the inflowing SGS turbulence kinetic energy density is 2 % of the incoming mean-flow kinetic energy.density.
. We still have vorticity generated by the piston corner, and in addition we now have vorticity of the opposite sign generated by the boundary layer along the left ,wall. Furthermore, boundary layer drag has caused the point at which the jet contacts the wall to.lag behind other parts of the jet tip.
V. NUMEFUCAL SOLUTIONS
Initially, the contact point of the jet on the wall will move upward at approximately the same rate .
. as the vortex center since the no-slip velocity condition at the point of contact makes the vortex move much like a pinion gear rolling along a rack. As we shall see, these vortices will grow as the jet ages, making the "axis" of the jet stay tilted over and the jet tip will continue to move to the right as well as upward. Figure 4 shows the mass fraction of ethylene for the same cases as in Fig. 3 . At time zero, the contours show an interface at the jet orifice. This planar set of contours with zero spacing represents, a contact surfke between the ambient and jet materials. Numerical diffusion quickly spreads the contours over a distance of 2-4 zones (the obstacle representing the piston crown is 6 zones thick), but the resolution is still sufficient to show the stretcliing and roll-up of the contact surface by the vortex. Diffusion, both turbulent and molecular, act to dissipate slowly the highly stretched parts of the contact surface. It is clear from the right-hand panel.that the vortex generated by the wall boundary layer is weaker than the one generated by the piston corner.
, Figure 5 shows the velocity vectors for the same cases as . tip has nearly decayed away, while the piston-induced vortex is quite strong. We..suspect that the stronger vortex has stretched and diffused the weaker vortex =.it attempts.to entrain it: Once .
again, the standard vorticity plots shown in Fig. 11 show. the intense vorticity generation and vorticity advection,: but no clear indication of the jet tip vorticity beyond a subtle hint. in only the.
free-slip case. The work of Tonse [2] suggests that the flow speed out of the crevice is one or two orders of magnitude smaller than that used here. A plot of fuel mass fraction in the Reynolds number 210 case is shown in Fig. 16 . We see the jet . is behaving.qualitatively similar to the high Reynolds number case, but on a longer time scale.
Up to this point no secondary vortices have been shed. A more detailed follow-up report will be , prepared upon completion of the' calculations.
VI. CONCLUSIONS
The COYOTE hydrodynamics program has been used to simulate the flow of gases out of the ring crevice of an internal combustion engine. We simplified the problem by neglecting piston motion, chemistry, wall heat transfer, and residual gas motions to isolate the mechanism that separates the crevice jet from the cylinder wall when the wall jet in is contact with a no-slip wall. No separation occurs with a free-slip wall. The separation in the no-slip case occurs as a consequence of the generation of vorticity by both the boundary layer on the cylinder wall and .
the corner of the piston. A pair of unequal counterrotating vortices is created at the tip of the jet. The vortex next to the wall produces a reverse flow near the wall, forcing the main jet flow to be deflected away from the wall and between the two vortices. At late times, secondary vortices are periodically shed in all cases. While the details of the development of *any indvidual jet will be influenced by the neglected factors that .will exist in the physical engine, the separation phenomenon is a fundamental, robust result of simple fluid dpnamical factors associated with the boundary layers in the engine.
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